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Natural host-plant resistance provides a sustainable solution to control insect outbreaks but can be limited
due to insect counter-adaptation. The exact mechanisms of insect adaptation to host-plant resistance remain
unclear in most systems. Some insect adaptations are controlled by epigenetic mechanisms, such as through
noncoding RNA. PIWI-interacting RNAs are specific noncoding RNAs that bind with PIWI proteins to control a
diverse range of gene regulatory functions, particularly in insects. Previous investigation into aphid PIWI gene
copies showed expansion in their abundance compared to other insects, which may suggest PIWI genes have
additional functions among aphids. We first characterized PIWI gene evolution through a phylogenetic analysis,
then investigated the role of PIWIs by examining gene expression in the soybean aphid (Aphis glycines), a sig-
nificant insect pest of soybean which has adapted to overcome aphid-resistance in host plants. Our data indi-
cated the presence of three PIWI ortholog groups, as well as taxon-specific gene expansions, with gene copy
numbers ranging from 3 to 17 across species. To evaluate a potential role of PIWIs in overcoming host-plant
resistance, we measured their gene expression in Ap. glycines with (virulent) and without (avirulent) the ability
to survive on aphid-resistant soybean. We found that virulent Ap. glycines have significantly higher expression
of 2 PIWI genes (Ag/1.7 and Ag/1.3) compared to the avirulent biotype.These data suggest that gene regulatory
mechanisms related to the PIWI pathway, potentially including piRNAs, are important in aphid systems and
may enable adaptation to host-plant resistance.
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Introduction

Host-plant resistance (HPR) against insects can provide a sustainable
alternative to pesticides by utilizing natural defensive genes within
plants that repel or protect them from insect feeding or colonization
(Sharma and Ortiz 2002, Stout 2014). However, many insects have
adapted to overcome these natural plant defenses, complicating the
utility of HPR. Adaptation to HPR typically follows a gene-for-gene
model (Simon et al. 2015, Stuart 2015). Mutations can occur in spe-
cific insect genes that either interact with plant defense pathways,
such as effector proteins, or detoxify plant secondary metabolites,
such as cytochrome P450s (Smith and Clement 2012, Smith and
Chuang 2014). Recent research on insect adaptation suggests that
mechanisms related to gene regulation, such as epigenetics and
noncoding RNAs (ncRNA), may also facilitate adaptation related
to host feeding (Glastad et al. 2011, Srinivasan and Brisson 2012,
Duncan et al. 2014, Grantham et al. 2015, Brevik et al. 2018, Chen
et al. 2020, Crossley et al. 2022). These mechanisms have not been
fully explored in HPR systems, especially in aphids which have a
propensity to overcome plant defenses (Srinivasan and Brisson 2012,
Yates and Michel 2018).

One important and functionally diverse type of ncRNA is a sub-
class of small RNAs called piRNAs (PIWI-interacting RNAs), which
are ~24 to 30 nt long and are generated from various heterochro-
matic regions called piRNA clusters. These clusters are hotspots
for rapid evolution and often contain active or relic transposable
elements (TEs) (Thomson and Lin 2009, Santos et al. 2023). TE
regulation is perhaps the most well-known and important function
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of piRNAs since TEs can disrupt and damage genomes by inter-
fering with gene structure and the expression of neighboring genes
(Luo and Lu 2017, Santos et al. 2023). TE regulation is facilitated
by a protein complex consisting of binding factors, piRNA, and an
Argonaute subfamily of proteins known as PIWIs. The PIWI-piRNA
complex uses the sequence information encoded in piRNAs to recog-
nize and bind to gene targets. Along with TEs, PIWI-piRNA targets
include certain chromatin regions and specific mRNAs that are post-
transcriptionally silenced (Santos et al. 2023). While PIWIs have tra-
ditionally been thought to only be expressed in germline tissue, there
is substantial evidence that they also play a role in insect somatic
tissues (Thomson and Lin 2009, Lu et al. 2011, Ramat and Simonelig
2021). Most of our understanding of PIWI functions originate from
three model insect species: Drosophila melanogaster, Aedes aegypti,
and Bombyx mori. PIWIs and piRNA have unique functional roles
across insect taxa, such as regulating TEs, gene splicing, fertility,
maintaining telomeres, aiding in sex determination and embryonic
development, and providing antiviral defense (Santos et al. 2023).
This wide functional diversity may also include adaptation to plant
defense, especially in aphids where epigenetic regulation is common
(Sattar et al. 2012, Srinivasan and Brisson 2012, Breeds et al. 2018,
Chen et al. 2020, Yates-Stewart et al. 2020).

Previous studies in aphids have found differential expression
of PIWIs and piRNAs. An expansion of piwi genes occurred in the
pea aphid (Acyrthosiphon pisum) compared to other insects (Lu
et al. 2011). These piwis were also differentially expressed among
different reproductive morphs and life stages. Certain PIWIs were
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found to be specialized for germline or somatic functions, indicating
involvement with the production of different reproductive morphs
(Lu et al. 2011, Srinivasan and Brisson 2012, Santos et al. 2023). In
the cotton aphid (Aphis gossypii), small RNA sequencing revealed
that aphids had higher expression of piRNA-like elements when
exposed to aphid-resistant plants than when exposed to suscep-
tible plants (Sattar et al. 2012). Additional research in other aphid
systems is important to gain a better understanding of the role of
piRNAs and PIWIs for aphid—plant interactions.

Here we characterized PIWIs in the soybean aphid, Aphis
glycines, specifically in relation to overcoming HPR. This aphid is an
economically important and invasive pest across North America, sig-
nificantly reducing soybean yield (Kim et al. 2008). To manage Ap.
glycines in fields, growers have increased insecticide applications by
130% in less than 10 yr after its introduction (Hodgson et al. 2012).
As an alternative and more sustainable solution, HPR genes have
been explored as a preventative measure against aphid infestations
(Bansal et al. 2014, Natukunda et al. 2021). HPR against Ap.
glycines through Rag (Resistance to Ap. glycines) genes provides
control of these pests without the need for pesticides (Hesler et al.
2013, Ajayi-Oyetunde et al. 2016). However, the utility of resistant
soybean varieties may be limited by the emergence of virulent aphid
biotypes that can overcome HPR (Tilmon et al. 2021). Although the
exact mechanisms of virulence evolution are unknown, previous re-
search suggests that virulent (biotype 4, or B4) aphids have higher
gene expression of several TE families (Yates-Stewart et al. 2020).
Differential TE expression could be influenced by gene regulatory
mechanisms such as the PIWI pathway (Thomson and Lin 2009,
Luo and Lu 2017, Santos et al. 2023). In this study, we characterized
the evolution of known and predicted PIWI proteins across aphids
with available annotated proteomes, including Ap. glycines. Then,
we compared piwi gene expression between avirulent (biotype 1, or
B1) and virulent (B4) Ap. glycines aphids to determine if expres-
sion is associated with virulence. Our data indicates potential new
functional roles for piwi genes in aphid-plant interactions, including
virulence adaptation.

Materials and Methods

PhylogeneticTrees

All available Aphididea proteomes (7 = 15) were collected across
NCBI Refseq/GenBank and AphidBase (www.aphidbase.com). If
multiple proteomes were available, the selection preference was (i)
the NCBI reference proteome, or (ii) the most recently updated ver-
sion of the proteome. For proteins that produced multiple isoforms,
only the longest isoform was kept for analysis. All phylogenetic
analyses were performed using the Ohio Supercomputer (Ohio
Supercomputer Center. 1987). Orthofinder v2.5.5 (Emms and
Kelly 2019) was used to infer orthogroups among the complete
proteomes. Orthofinder also runs FastTree v2.1.11 to construct
phylogenetic trees for each orthogroup, and generates a species
tree using all orthogroups that are present in all species with STAG
(Emms and Kelly 2018). PIWI/Aub/AGO3 homologs were identified
by searching the orthogroups for previously annotated PIWI genes in
Ac. pisum (Lu et al. 2011), with relevant orthogroup trees retained
for analysis. Protein accession numbers were manually searched on
NCBI to confirm annotation as PIWI/Aub/AGO3 or the closely re-
lated SIWLI. Proteins with different annotations were removed, while
sequences that NCBI labeled as unidentified or of low-quality were
marked. NCBI defines low quality predicted proteins as those that
must be altered from their actual transcript to encode a functioning

protein. This can be caused by errors in sequencing resulting in
mismatches and/or frameshift mutations (Pruitt et al. 2020). If the
longest branch was twice as long as the second longest branch, that
protein was declared evolutionarily distant and trimmed from the
final tree. Unaltered trees can be viewed in Supplementary Fig. 1A
and 1B. Each PIWI-related orthogroup was analyzed separately
with their own phylogenetic tree, then together within a single
overall tree (Supplementary Fig. 2). Proteins (and genes encoding
them) were each given a unique, simplified label independent of ac-
cession number (see Supplementary Table 1 for all accession num-
bers). Names included an abbreviation of the aphid species, the
orthogroup they were placed in, followed by sequential numbering.
Branch lengths were calculated by Orthofinder by first performing
an all-vs-all BLAST analysis, then standardizing the BLAST bit
scores to eliminate length bias. These normalized scores were used
to infer orthogroups, which were subsequently clustered using a
Markov Clustering algorithm with statistical support via bootstrap
analysis. Final trees were built in R v.4.4.1 with ggtree v.1.14.6 (Yu
et al. 2017). To create the single overall tree, unaligned sequences for
the three focal orthogroups were collected from the “Orthogroup_
Sequences” folder within the Orthofinder output, concatenated into
a single FASTA file, and aligned with MAFFT v. 7.520 (Katoh and
Standley 2013) using default parameters. The aligned sequences were
trimmed with ClipKIT v. 2.3.0 (Steenwyk et al. 2020) using default
parameters and subjected to phylogenetic inference with IQ-Tree v.
2.2.2.7 (Minh et al. 2020) using 1,000 ultrafast bootstraps (Hoang
et al. 2018) and otherwise with default parameters.

DNA and Amino Acid Sequence Alignments

To assess the functionality of PIWI proteins found in Ap. glycines,
an amino acid sequence alignment was inspected for the presence
of critical sites and domains (Lu et al. 2011) (see Supplementary
Document 1). To check for the presence of unique B4 alleles, a pro-
tein vs protein BLAST search was performed on AphidBase hosted
at the Bioinformatics Platform for Agroecosystem Arthropods
(BIPA: https://bipaa.genouest.org/is/aphidbase/) using the B1 PIWI
sequences against the B4 transcriptome (Ap. glycines annotation
v1.0 Ag b4 proteins) (Altschul et al. 1997) . If differences were
observed, each allele was added to the alignment to assess func-
tional differences. The alignment was performed in Geneious
Prime using a Clustal algorithm. A representative sequence
from each orthogroup found in Ac. pisum was included to vali-
date critical sections. A nucleotide alignment was also generated.
Coding sequences were found previously by BLASTing the pro-
tein sequences against the Ap. glycines coding sequence database
(Ap. glycines annotation v6.0 Ag bt1 CDS) within AphidBase. The
coding sequence for Agl1.2, which did not appear in this search,
was found by searching the protein accession number acquired
by Orthofinder on NCBI, then accessing the linked nucleotide se-
quence. The alignment was also created in Geneious Prime using
the Clustal algorithm with default parameters.

Gene Expression

Ap. glycines Strains and Rearing

Experiments were performed on Ap. glycines biotypes 1 (B1, avir-
ulent) and 4 (B4, virulent). These colonies have been maintained in
the Michel laboratory for several years, derived from an Ap. glycines
stock center at the University of Illinois. Aphids were reared in
growth chambers set to a high of 27 °C and a 14:10 h photoperiod
(Bansal et al. 2014). B1 colonies are reared on aphid susceptible soy-
bean containing no aphid-resistant Rag genes (LD14-8007) while
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B4 are reared on a resistant soybean variety that contains both Rag1
and Rag2 genes (LD14-8001).

Experimental Design

Aphids were age synchronized 1wk prior to experiments and
maintained on a detached leaf placed within a Parafilm sealed,
charcoal-lined petri dish (Li et al. 2004). Aphids were starved to
promote feeding prior to experimental start by transferring them
to a new Petri dish without detached leaves for 24 h. One-wk-old
adult aphids of both biotypes were placed on 2-wk-old aphid sus-
ceptible and Rag1/Rag2 soybean. Each biological replicate had all
4 combinations of biotype and plant (B1 on susceptible and Rag1/
Rag2; B4 on susceptible and Rag1/Rag2). Each plant had 10 aphids,
distributed equally within a custom 3D printed clip cage (5 aphids
per cage, see Supplementary Fig. 3A). Six total biological replicates
were collected, with replicates 1-3 collected separately from 4 to 6.
Aphids fed for 24 h and then were collected using a specially designed
3D-printed aspirator (Supplementary Fig. 3B), placing aphids di-
rectly into 1.5 ml microcentrifuge tubes. 3D printing parameters are
available upon request. Aphids were immediately flash frozen by
placing tubes in liquid nitrogen, then stored at -80°C.

Sample Preparation

RNA was extracted from 3 or 5 pooled aphids (3 aphids for
replicates 1-3, 5 aphids for replicates 4-6) using Qiagen’s RNeasy
mini kit following the manufacturer’s protocol. To ensure RNA pu-
rity, the optional steps of DNAse digestion and final drying were
performed. For a more concentrated sample, 30 pl of RNAse free
water was added to the column and samples were incubated for
15 min at room temperature before elution. Sample concentrations
were standardized within each replicate using a Nanodrop 2000
(Thermo, USA). cDNA was generated using BioRad’s iScript cDNA
Synthesis Kit following the manufacturer’s protocol. Concentrations
were standardized again to 100 ng/pl using a Nanodrop 2000, then
stored at -20°C.

Gene Expression Analysis

The genes for expression analysis included 7 Ap. glycines piwi genes
(including 1 ago3 gene), herein shortened as: Agl1.1 (KAE9523124),
Agl1.2 (KAE9532669), Agll.3 (KAE9524190), Agll.4
(KAE9524184), Agl1.5 (KAE9523825), Agl2.6 (KAE9525450), and
Agl.AGO3.1 (KAE9533345). The reference gene RPS9 encodes a
ribosomal protein, which is a stable reference gene for experiments
involving soybean aphids feeding on both resistant and susceptible
plants (Bansal et al. 2012). Primers for all PTWIs except Agl1.2 were
designed by NCBI’s primer design tool using the coding sequence of
each gene. All suggested primers were examined in a Clustal multiple
sequence alignment performed in Geneious Prime to confirm minimal
primer sequence overlap with off-target piwi genes. Primers with at
least 2 mismatches compared to other PIWI sequences were selected
(see Supplementary Document 2). Agl1.1 is the only exception, with
the forward primer matching a sequence in Agl1.2; however Sanger
sequencing confirmed primer specificity (data not shown). Primers
for Agll.2 were designed by hand within Geneious Prime to span
a unique deletion and ensure specificity, as NCBI’s primers resulted
in nonspecific amplification. All primer and semiquantitative PCR
conditions can be found in Supplementary Table 2. Gene expression
was first evaluated with semiquantitative PCR using a cDNA tem-
plate and examined on a 2% agarose gel. Primers for Agl1.2 were
functionally validated by using genomic DNA templates in a PCR
reaction. Band intensity of expressed genes was measured via Image]

using three replicates (data summarized in Supplementary Table 3),
and an ANOVA was performed to detect any preliminary differential
expression patterns (Supplementary Document 3). Genes that had a
significant difference in band intensity between biotypes (P < 0.05),
or a presence/absence pattern were selected for droplet digital PCR
(ddPCR) analysis. Due to the limited sensitivity of semiquantitative
PCR, we also included 1 gene without significant differences in band
intensity (Agl2.6) in our ddPCR analysis to validate Image] results.

In brief, ddPCR measures absolute gene expression levels
through the generation of thousands of droplets, each containing
materials for individual PCR, including fluorescence. After PCR, the
number of droplets with fluorescence (ie a positive result) for both a
gene of interest and reference gene are counted. A normalized gene
expression ratio value is calculated, which can then be compared
across samples and treatments. The program employs Poisson sta-
tistics to provide an absolute quantification of target DNA (Begum
et al. 2021, Mavridis et al. 2022). Protocols for ddPCR followed
standard sample preparation according to BioRad’s instructions.
The optimized concentrations and conditions for all piwi genes
evaluated can be found in Supplementary Table 4. A total 20 pl
of the sample mix was placed into a BioRad DGS8 cartridge along
with 70 pl of droplet generation oil. The cartridge was placed into
BioRad’s QX200 droplet generator which created the necessary
droplets. The resulting mixtures (40 ul) were carefully transferred
onto a 96-well plate. Plates were heat sealed using BioRad’s PX1PCR
plate sealer, then transferred to a C1000Touch Thermal Cycler Deep
Well Reaction Module (BioRad) for PCR. Positive and negative
droplets were counted on the QX200 Droplet Reader. Concentration
(copies/pl) was measured using QX Manager 2.0 Standard Edition
(BioRad). Positive droplet thresholds were manually inspected and
adjusted, if needed, following the program’s automatic estimations
to ensure accuracy.

Statistical Analysis

To measure and compare gene expression, the ratio value of each
sample was calculated as: [gene of interest|/[reference gene]. A
Shapiro—Wilk test was used to check for sample normality within
biotypes. Data transformations were performed if necessary to pass
this normality test: Agl1.3 underwent a log transformation cal-
culated by the log function in R v4.4.1, while Agl1.4 and Agl1.1
underwent a square root transformation calculated by the sqrt func-
tion in R v4.4.1. Data collected from replicates 1-3 showed no sig-
nificant difference from replicates 4-6, thus all replicate data were
pooled for analysis. An ANOVA was performed for each gene using
a linear model (R package nlme v3.1-164) to detect any interactions.
Significance was defined as having a P value < 0.05. After deter-
mining that neither plant treatment (ie susceptible or resistant) had
any effect on gene expression through the ANOVA and as supported
by previous studies (Yates-Stewart et al. 2020), plant treatments were
pooled when comparing significant differences in gene expression
among biotypes. Figures were created with all raw, untransformed
data pooled within biotypes using ggplot2 v3.4.4, and ggpubr v0.6.0
in R v4.4.1.

Results
PIWI Phylogenetics Across Aphididae

Species Tree

For comparison with previous aphid phylogenies, a species tree
was created using Orthofinder based on all 19,075 orthogroups
that occurred in all included species (Fig. 1). As expected, all 15
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included aphid species were grouped accordingly by subfamily,
with monophyletic relationships for the main tribes of Aphidini (6
species) and Macrosiphini (6 species). Outgroups to the Aphidinae
family included 3 species: Sipha flava, Eriosoma lanigerum, and
Cinara cedri.

PIWI Orthogroups and Phylogenetic Trees

We found three PIWI orthogroups (OGs) among the available
aphid proteomes: Orthogroup 1 (OG1) and 2 (OG2) contained
PIWIs whereas OG3 included the AGO3s, aligning with previous

data (Lu et al. 2011). One protein was too distantly related in OG1
and was trimmed (Supplementary Fig 1A), 2 were trimmed in OG2
(Supplementary Fig 1B), while none were trimmed in the AGO3
group. The number of PIWI proteins varied greatly across the 15
Aphididae members, with a total of 105 proteins identified, ranging
from 3 to 17 proteins in a species (Table 1). Despite this, all species
had at least 1 AGO3 protein and 1 protein in OG2; we did not find
proteins in OG1 for Metopolophium dirbodum, Melanaphis sacchari,
or C. cedri. All trees from the three OGs further supported the mon-
ophyletic relationship of the Aphidinae subfamily, with S. flava, C.

Aphidini

Rhopalt
Aphidinae Ahonsiasi

Acyrthosiphon pisur

Macrosiphini
— [ 7 d

Diuraphis noxia

Pentalonia nigronervosa
Chatiophorinae Sipha flava
Lachninae inara cedri
Eriosomatinae Eriosoma lanigerum

Fig. 1. Overall phylogenetic tree of certain aphid species within Aphididae. All available aphid proteomes were pulled from Refseq, Genbank, and Aphidbase
to supply Orthofinder. An overall predicted phylogenetic species tree was generated based on all orthologous groupings. All nodes had a bootstrap support of
1, which was calculated with a Markov Clustering algorithm performed by OrthoMCL as part of the Orthofinder pipeline (Li et al. 2003, Emms and Kelly 2015).

Table 1. Summary of PIWI orthologous groupings across 15 Aphididea lineages

Species Subfamily Tribe Subtribe OG1* PIWI OG2P PIWI 0G3 AGO3
Acyrthosiphon pisum Aphidinea Macrosiphini 5 7 5
Myzus persicae Aphidinea Macrosiphini 1 4 2
Macrosiphum euphorbiae Aphidinea Macrosiphini 2 7 1
Diuraphis noxia Aphidinea Macrosiphini 2 2 1
Metopolophium dirbodum Aphidinea Macrosiphini 0 5 2
Pentalonia nigronervosa Aphidinea Macrosiphini 4 3 1
Aphis gossypii Aphidinea Aphidini Aphidina 4 1 1
Aphis glycines Aphidinea Aphidini Aphidina 5 1 1
Aphis craccivora Aphidinea Aphidini Aphidina 3 1 1
Rhopalosiphum padi Aphidinea Aphidini Rhopalosiphina 1 6 1
Rhopalosiphum maidis Aphidinea Aphidini Rhopalosiphina 1 3 1
Melanaphis sacchari Aphidinea Aphidini Rhopalosiphina 0 8 1
Cinara cedri Lachninae Eulachnini 0 3 1
Sipha flava Chatiophorinae 1 1 2
Eriosoma lanigerum Eriosomatinae Eriosomatini 1 1 1

Abbreviations: OG = orthogroup.

*One protein was excluded (Apil.4).

"Two proteins were excluded (Api2.7, Cce2.4).
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cedri, and E. lanigerum consistently serving as outgroups. However,
some PIWIs in OG1 and OG2 did not cluster monophyletically,
with PIWIs from some species clustering with aphids from dif-
ferent subtribes (Fig. 2). Overall, the two main tribes in our analysis
(Aphidini and Macrosiphini) differed in the numbers of PIWIs in
each OG. For OG1, both tribes had 14 proteins across 6 species.
Conversely, for OG2, Macrosiphini had 28 proteins and Aphidini
20 proteins (Table 1). When all three orthogroups were mapped to-
gether, OG3 clustered monophyletically. Two proteins from OG2
grouped with OG1, however these same two proteins were observed
to be outgroups in the OG2 only tree, confirming their evolutionary
distance.

OG1 was characterized by a large variation of PIWI proteins per
species independent of tribe and subtribe (30 total genes). Ac. pisum
(Macrosiphini) and Ap. glycines (Aphidini) had the highest number
of PIWIs (5), followed by 4 PIWIs in Pentalonia nigronervosa
(Macrosiphini) and Ap. gossypii (Aphidini), and 3 PIWIs in Aphis
craccivora (Aphidini) (Table 1). In fact, species in the Aphis genus
were overrepresented in OG1 compared to other Aphidini genera
with Rhopolasiphum species only having 1 PIWI, and Melanaphis
with none. In general, the OG1 protein tree reflected known
Aphididae phylogeny, except for 2 Ac. pisum PIWIs (Apil.5 and
Apil.6) clustering with P. nigronervosa (Fig. 2A).

OG2 had the highest total number of PIWIs (53), almost twice
as many as OG1. All Macrosiphini species had more than 2 PIWIs,
ranging from 2 (Diuraphis noxia) to 7 (Ac. pisum and Macrosiphum
euphorbiae, Fig. 2B). This expansion occurred in only two Aphidini
genera, Rhopalasipbum and Melanaphis. Surprisingly, all three
Aphis species only had 1 PIWI in OG2, despite the expansion in
OG1. All OG2 PIWIs grouped in two clusters, reflecting a similar
pattern found in Ac. pisum (Lu et al. 2011). The first cluster did not
contain any PIWIs from Aphis, but the remaining Aphidini formed
a polyphyletic group (which also included 1 sequence from Ac.
pisum and 2 from P. nigronervosa). The second group in this cluster
contained PIWIs from Macrosiphini, and was polyphyletic, with ev-
idence of species-specific expansion as seen with Myzus persicae and
Ma. euphorbiae. The second OG2 cluster had mostly monophyletic
grouping by tribes instead of by PIWL. In this cluster, the Aphidini
had PIWIs from all three genera, including those from Apbhis, al-
though Melanaphis was an outgroup to Aphis and Rhopalosiphum.
The Macrosiphini were also monophyletic, with expansions in Ac.
pisum, Ma. euphorbiae, and Met. dirhodum.

OG3 represented the AGO3 proteins, and had the lowest total
number, with only a few species having multiple copies (Fig. 2C).
Many of these had long branches such as Sfla.,AGO3.2 and Api.
AGO3.5 which might suggest reduced or modified protein function-
ality. Monophyly was mostly seen with OG3, except for 2 AGO3s
from Ac. pisum (Api.AGO3.4 and Api.AGO3.5), and a predicted
duplicate from My. persicae. Like in other trees, Me. sacchari was
the outgroup to Aphis and Rhopolasiphum, instead of the typical
clustering of Aphis with Melanaphis as seen in the species tree.

Functional Characterization of Ap. glycines PIWI
Sequences

Prior to measuring gene expression, we investigated the 6 PIWI and
1 AGO3 sequences in Ap. glycines for the presence of functional re-
gions such as the PAZ, MID, and PIWI domains, as well as critical
sites within each domain. The Ap. glycines AGO3 is 930 amino acids
long, which is 162 less than Ac. pisum’s AGO3.4 (Api.AGO3.4’s se-
quence was chosen for the sequence alignment as it has been previ-
ously identified [Lu et al. 2011] and has a well conserved sequence).

The Ap. glycines AGO3 contained all critical residues and domains,
consistent with the conservation seen in the OG3 tree. Most other
Ap. glycines PIWIs showed conservation at important sites. The
main exception was Agl1.2, which is likely not functional as a PIWI
since it is missing 162 amino acids that contain four important func-
tional residues across the MID and PIWI domains (Supplementary
Document 1). This is corroborated by the fact Agll.2-specific
primers only showed amplification on gDNA templates, and none
on ¢cDNA, indicating that it is not expressed. Notably, Agl1.1 is 18
residues shorter at the C-terminus compared to all other PIWIs.
Further investigation with the B1 cds database (via Aphidbase) re-
vealed 2 alleles for this protein depending on the biotype. The B1
and B4 alleles have 84.8% sequence similarity, with the 18 residue
deletion unique to the B1 allele. Despite sequence differences, both
alleles have all the critical PIWT residues. Similar to Agll.1, Agl1.5
also had 93 amino acids missing at the C-terminus of the sequence,
but this deletion contained one key residue (histidine). Interestingly,
this deletion is also unique to the B1 allele, with the B4 sequence
possessing a consistent length with all other PIWIs. Overall, the two
alleles had a 69.3% sequence similarity. The third PIWI to exhibit
biotype allelic differences was Agl1.4, wherein the B4 allele had 7
less amino acids compared to the B1 allele toward the N-terminus,
however this region contains no critical residues. All other PIWIs
contained the critical domains and functional residues characteristic
of PIWI proteins (Supplementary Document 1).

piwi Gene Expression

Since PIWI proteins can be involved in regulating TE expression,
we compared their gene expression among Ap. glycines biotypes as
a potential explanation for certain TE overexpression in B4 aphids
(Yates-Stewart et al. 2020). We initially compared the expression of
the 7 piwi (including AGO3) genes between biotypes fed different
soybean plants by semiquantitative PCR. All genes except Agl1.2
were expressed, yet, Agll.5, Agl2.6, and Agl.AGO3.1 showed
no significant difference in expression via an Image ] analysis
(Supplementary Document). The remaining 3 PIWI genes (Agl1.1,
Agl1.3, and Agl1.4) were further analyzed with ddPCR, along with
Agl2.6, to confirm semiquantitative PCR results. We did not see sig-
nificant differences among replicates, nor among plant types across
any of the piwi genes (P > 0.6 for all genes, Supplementary Table
5). PIWIs Agl1.4 and Agl2.6 did not significantly differ in expres-
sion among biotypes (P < 0.1, Fig. 3). However, Agl1.1 and Agl1.3
had significantly higher gene expression in B4 aphids by a factor of
70.1 (P> 0.001) and 7.0 (P <0.001), respectively (Fig. 3). Indeed,
all replicates of B1 aphids consistently had almost no expression of
Agll.1.

Discussion

The success of HPR depends on the development of strategies that
extend its durability and limit virulence adaptation. Thus, it is im-
portant to investigate all mechanisms that could overcome HPR that
may be outside traditional gene-for-gene models (Smith and Chuang
2014, Simon et al. 20135, Stuart 2015). Recent research suggests that
ncRNAs and other epigenetic pathways may be involved in insect
adaptation, such as the functionally diverse PIWI/piRNA pathway
(Sattar et al. 2012, Breeds et al. 2018, Wang and Lin 2021). We
found a large quantity of PIWI genes across 15 aphid species with
diverse evolutionary trajectories and taxon-specific expansion. We
also found differential gene expression of two piwi genes between
virulent and avirulent Ap. glycines biotypes. Understanding the
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Fig. 2. Phylogenetic trees showing evolution of PIWI proteins within Aphididea. Phylogenetic tree data was generated by Orthofinder. Known PIWI genes (Lu
et al. 2011) were used to identify potential PIWI orthologues across 15 aphid species within the family Aphididea: Acyrthosiphon pisum (Api), Macrosiphum
euphorbiae (Meu), Myzus persicae (Mpr), Diuraphis noxia (Dno), Pentalonia nigronervosa (Pni), Aphis gossypii (Ags), Aphis glycines (Agl), Aphis craccivora
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rithm. Certain proteins are marked as unidentified (*) or low quality (**) as determined by NCBI.
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Fig. 3. Comparison of piwi gene expression between two Ap. glycines biotypes. ddPCR was used to measure the gene expression levels of 3 to 5 pooled adult
aphids per treatment after feeding on soybean for 24 h. Relative expression was calculated by standardizing expression of each target gene to a reference
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was expressed 70.1 times higher in virulent (B4) aphids (P < 0.001). Ag/1.3 had a similar pattern, with virulent aphids expressing it 7 times higher (P< 0.001).The

other 2 genes had very similar levels of expression between biotypes (P> 0.1).

evolutionary implications of these proteins and uncovering their
functions can lead to deeper insights of their role in insect-plant
interactions and virulence adaptation.

Complex Evolutionary History and Expansion of
Aphididae PIWIs

PIWTI proteins are functionally diverse and associated with rapidly
evolving ncRNAs (Santos et al. 2023); therefore examining the rela-
tionship of PIWIs across aphid taxa could increase our understanding
of their importance in aphid life histories. Using 15 available aphid
proteomes, aphid PIWIs were sorted into three orthogroups, con-
sistent with earlier research focused on Ac. pisum (Lu et al. 2011).
The number of potential piwi genes per aphid species is among the
highest across insects currently seen, ranging from 3 (C. cedri) to 17
(Ac. pisum). Although studies from other insect groups are limited,
mosquitoes (Culicidae) have a smaller range across species with 1
PIWI (AGO3) in Anopbheles darlingi and 7 PIWIs in Aedes aegypti
(Luetal. 2011, Lewis et al. 2016). This difference among insect taxa
could reflect unique or specialized roles for PIWI proteins. For ex-
ample, Drosophila PIWIs are heavily involved in gametic cell line ex-
pression and regulation of TEs (Cd et al. 2009, Ramat and Simonelig
2021, Santos et al. 2023). While evidence suggests similar functions
in other insects, PIWIs also play a unique and important role in de-
fense against viruses that infect mosquitoes (Lewis et al. 2016, Santos
et al. 2023). On the other hand, differences in the number of piwi
genes could also be a result of inconsistent genomic resources and/or

their quality. Whereas some insects and groups have well represented
and annotated genomes, the complexity and genome sizes of other
groups (such as Coleoptera and Orthoptera) make extrapolations
and comparisons more challenging. Nonetheless, our evidence
suggests that expansion and diversification first found in Ac. pisum
(Lu et al. 2011) is present across much of the Aphididae family.

Our analysis showed substantial complexity in aphid PIWI evo-
lution. An overall tree containing all PIWI proteins corroborates the
distinction of three diverging orthogroups (Supplementaryl Fig. 2),
with OG1 and OG2 having a closer relationship compared to OG3.
Only three discrepancies emerged between the overall tree and the
Orthofinder orthogroups, involving the proteins Elal.1, Msa2.7, and
Cce2.3. These discrepancies are likely due to the difficulties involved
with accurately placing highly divergent sequences, since all three
are either the most divergent sequence or have some of the longest
branches within their orthogroup. Additionally, the Orthofinder
algorithm for inferring orthogroups differs from the phylogenetic
method implemented in IQTREE, which may also lead to different
placements of individual proteins.

Among the three aphid orthogroups, OG3, which represented
the AGO3s, showed the least difference in evolution pattern across
species. All aphid species had at least 1 AGO3, and only four species
had more than 2 copies (Ac. pisum, My. persicae, Met. dirbodum,
and S. flava). An earlier study found 2 AGO3 proteins in Ac. pisum,
with one likely being nonfunctional (Lu et al. 2011). Our approach
identified 5 AGO3 proteins, with the original 2 Api.AGO3 proteins
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grouping in different clusters, one with other Api.AGO3 proteins
(Api. AGO3.3) and the other clustering between Ma. euphorbiae and
Met. dirbodum proteins (Api.AGO3.4, Fig. 2C). This could be due
to differences in our approach to identify PIWIs (ie Orthofinder)
or access to a more recently updated proteome, although we did
not include expression validation. Ac. pisum aside, there is relative
conservation in the number of AGO3 proteins among aphid spe-
cies. This pattern was not seen with OG1 and OG2. OG2 showed a
similar topology as predicted with Ac. pisum, with two subclusters
appearing after the split of Aphidinae from the aphid outgroups.
Within tribes and genera, some PIWIs reflected monophyly, but most
showed a complex evolutionary history. Many species had multiple
copies distributed in both OG2 subgroups, with the exception of
Apbhis. The three Aphis species in our study only had 1 PIWI in OG2
without any subgrouping. Given that the closely related genera of
Rhopalospiphum and Melanaphis had multiple OG2 genes similar
to other species (Table 1), Aphis may have lost any duplications
present in recent common ancestors, but this hypothesis remains to
be tested.

Interestingly, OG1 had an alternative expansion pattern
compared to OG2 within Aphis. Aphis was overrepresented with
more copies in this orthogroup than the other two. This trend was
unique to Aphis and the species P. nigronervosa. Overall, it may
be that selection favored expansion and evolution in OG1 within
Apbhis rather than OG2. Additional data would be needed to fully
evaluate this observation and identify potential selection pressures,
such as sexual reproduction patterns (ie sexual, asexual, and mixed
models) or host-feeding. While piwi genes are expressed across dif-
ferent reproductive life stages in Ac. pisum, similar data is lacking
in other aphid species. This is especially true for species with oblig-
atory sexual phases like Ap. glycines, which are difficult to generate
in the laboratory. Additionally, differences in piwi duplications are
likely not related to degrees of host specialization as Ap. glycines
and its most closely related species Ap. gossypii have 5 and 4 PIWI
proteins, respectively. Despite Ap. glycines being an extreme spe-
cialist (surviving only on soybean and its overwintering hosts within
Rhamnus), Ap. gossypii is an extreme generalist that can feed on
over 300 different plant species. As further research investigates ev-
olutionary and possibly unique functional roles, more evidence may
support the importance of OG1 PIWIs within Aphis that include
interactions with their host plants.

Differences in piwi Gene Expression Suggest a Role

in Virulence Adaptation

Differential expansion of piwi genes could provide evidence of new or
specialized functional roles. To investigate the potential role of piwi
genes contributing to Ap. glycines virulence, we compared their gene
expression between adult virulent (B4) and avirulent (B1) aphids. Of
the 7 total genes investigated, only 1 was not expressed by either bi-
otype. While we attribute this to a loss-of-function deletion, it is pos-
sible that it could be expressed under different conditions or during
different life stages. We identified two Ap. glycines piwis (Agll.1
and Agl1.3) that have significantly higher expression in virulent
B4 aphids compared to avirulent B1 aphids (Fig. 3). This difference
may be related to TE regulation, given previous evidence of PIWI
function. However, previous studies found B4 aphids have overall
higher expression of TE families, with only a few TEs experiencing
comparative downregulation (Yates-Stewart et al. 2020). This is the
opposite pattern to what we would expect—with an overall higher
expression of TEs in B4, we should have observed less piwi expres-
sion due to increased regulation. It is possible that Agl1.1 and Agl1.3
are indeed causing the downregulation of some TE families observed

in the same study, but any association with increased TE in virulent
aphids remains unclear.

An alternative explanation may involve an increase in piRNAs
in relation to HPR, similar to Ap. gossypii (Sattar et al. 2012). If
piRNAs are associated with HPR feeding and virulence, then we
may expect expression of specific PIWIs that are needed for the en-
tire piRNA pathway. Additionally, it is possible the piRNAs involved
in HPR target adaptive genes that must be differentially regulated
using PIWI proteins as they do in other organisms (Wang and Lin
2021, Cai et al. 2022, Santos et al. 2023). Our future work will focus
on comparing all small RNAs, including piRNAs, among B4 and B1
aphids to provide further evidence of their role in HPR.

We did identify three PIWIs with biotype-specific allele
differences: Agll.1, Agll.4, and Agl1.5. Despite the differences, all
critical residues remain present, except for the B1 allele of Agll.5
which is missing one residue. These differences likely do not correlate
with gene expression, since only one of these genes is differentially
expressed. Interestingly, preliminary data from laboratory colonies
suggest both biotypes are heterozygous at the Agl1.1 locus (data not
shown). In this study, we quantified expression on the RNA level and
thus were unable to distinguish which allele was being expressed in
B4 aphids. Even if both alleles/proteins were expressed, we are un-
able to determine if the allele with the premature stop codon may
have a dominant effect (ie needing only 1 copy). Further, neither al-
lele was expressed in B1 aphids, which had near-zero Agl1.1 expres-
sion in our experiments. Yet, even with this premature stop and the
overall 84.8% similarity between alleles, all the important residues
are present in both (Supplementary Document 1) suggesting that
any reduction in functionality of the truncated protein may be min-
imal. Nonetheless, all three of these polymorphisms will be further
investigated as we next elucidate the highly specific piRNAs associ-
ated with these proteins.

Recent research has shown that the role of the piRNA pathway
in insects has expanded from its original function of TE regulation in
the germline (Ramat and Simonelig 2021, Santos et al. 2023). Here,
we provide evidence of differential expansion and diversification of
potential piwi genes across the Aphididae, with substantial varia-
tion among 15 aphid species. However, data from additional aphid
species are needed to fully understand PIWI sequence evolution, in-
cluding functional validation across different life stages as well as
host plants. While our study supports the hypothesis that PIWIs and
the piRNA pathway could contribute to aphid-plant interactions and
overcoming plant resistance, an exact mechanism for this remains un-
clear. Through their interaction with PIWIs, piRNAs have many gene
and pseudogene targets, interacting with other epigenetic mechanisms
such as DNA methylation, histone modification, and IncRNA expres-
sion (Ramat and Simonelig 2021, Wang and Lin 2021, Santos et al.
2023). Future research may provide additional evidence for the im-
portance and complexity of the role of PIWIs in aphids.
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